ABSTRACT: The present study was conducted to investigate the effects of dietary supplementation of chromium methionine (CrMet) on performance, immune responses, and stress status of broiler chicks subjected to heatstress conditions. A total of 450 day-old Ross 308 broiler chicks were randomly dis tributed between 5 replicate pens (15 birds each) of 6 experimental treatments according to a 2 × 3 fac torial arrangement of treatments including 2 tem perature conditions (thermoneutral and heat stress) and 3 supplemental Cr levels (0, 500, and 1,000 μg/ kg as CrMet). For induction of heat stress, the house temperature was set at 35 ± 2°C from 15 to 42 d of age. Results showed that the chicks subjected to heatstress condition had lower (P < 0.01) feed intake, BW gain, and deteriorated (P < 0.05) feed conver sion values compared with those kept in the thermo neutral house. Dietary supplementation with CrMet increased (P < 0.01) feed intake and improved (P < 0.01) weight gain and feed efficiency. There were sig nificant Cr level × temperature interactions, so that inclusion of CrMet into the diets was more effective in heat-stressed chicks. Exposure to heat stress sup pressed (P < 0.01) cutaneous hypersensivity response to phytohemagglutininP injection at 30 d of age, and dietary supplementation of 500 μg Cr/kg induced (P < 0.05) this response, with the greater impacts in heat-stressed chicks, resulting in a significant (P < 0.01) Cr × temperature interaction. Antibody responses against Newcastle and infectious bronchitis disease viruses were diminished (P < 0.01) in heat stressed chicks. Dietary inclusion of CrMet improved (P < 0.05) antibody responses to different immuno stimulants, and this effect was more pronounced in heat-stressed chicks. Exposure to heat stress caused a significant (P < 0.05) decrease in the proportion of helper (CD4 + ) T lymphocytes and increased cytotoxic (CD8 + ) T lymphocytes, resulting in a decreased (P < 0.01) CD4 + to CD8 + ratio in peripheral blood circu lation. Supplementation of CrMet to heatstressed chicks modulated (P < 0.01) plasma corticosterone level. The present findings indicate that dietary CrMet supplementation could alleviate heatstressinduced growth retardation in broiler chicks. Moreover, sup plemental CrMet modulated suppressive effects of heat stress on cellular and humoral immune responses.
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INTRODUCTION
Chromium is an integral component of chro modulin, acting as a part of the insulin signaling across the cell membranes. This insulinstimulating effect occurs without change in insulin concentra tion required for half-maximal activity (Vincent, 2000) . This element is also involved in carbohy drate, lipid, protein, and nucleic acid metabolism in different animal species (Anderson, 1997; Vincent, 2000) . Dietary Cr supplementation has been shown to positively affect growth performance and feed conversion efficacy in growing poultry (Jackson et al., 2008) . Also, improvements in immunologi cal responses have been reported as the result of Cr supplementation of broiler chicks (Guo et al., 1999) and laying hens (Mirfendereski and Jahanian, 2015) .
It has been demonstrated that stress conditions and diseases increase urinary excretion of Cr (An derson et al., 1988) and may exacerbate a marginal Cr deficiency. In addition, reports show that stressful conditions may cause growth retardation, changes in hormonal release, increased disease susceptibility, be havioral changes, or a combination of all these fac tors Murray et al., 1987; Gray et al., 1989; Puvadolpirod and Thaxton, 2000; Altan et al., 2003; Mirfendereski and Jahanian, 2015) . One of the main stressors in the practical circumstance is heat stress, which causes serious losses in poultry production because it increases mortality and reduc es performance in broilers and laying hens (Teeter et al., 1985; Mashaly et al., 2004) . According to Leeson (1986) and Balnave (1996) , high environmental tem perature is the most important inhibiting factor for poultry production in tropics, apparently because the birds cannot sufficiently dissipate the heat produced after meals, which subsequently leads to reduced feed intake and lower weight gain or egg production (Caha ner and Leenstra, 1992; Rozenboim et al., 2007; Star et al., 2008) . In this case, dietary supplementation of Cr has been reported to alleviate detrimental effects of heat stress on quails (Sahin et al., 2005) . Bahrami et al. (2012) reported that supplemental Cr decreased corti sol level in heat-stressed broiler chicks. Moreover, Sa hin et al. (2002) showed that dietary supplementation of Cr, as chromium picolinate, increased weight gain and feed consumption and improved feed conversion efficiency in broilers subjected to heat stress. Simi larly, Samanta et al. (2008) and Toghyani et al. (2012) reported that dietary supplementation with chromium picolinate improved growth performance and carcass yield in heat-stressed broiler chicks.
Because there are few research studies regard ing to the effect of Cr on immunological responses and lymphocyte subpopulations, especially in heat stressed broiler chicks, the present study was designed to investigate the effects of supplemental organic Cr (chromium methionine [CrMet]) on performance, stress status, and antibody responses of broiler chicks under a constant heatstress conditions.
MATERIALS AND METHODS

Birds, Diets, and General Experimental Procedure
The present study was performed in a research farm (Isfahan, Iran) and all procedures used were ap proved by the Isfahan University of Technology Ani mal Care and Use Committee. A total of 450 dayold Ross 308 broiler chicks were randomly allotted to 6 experimental groups according to a 2 × 3 factorial arrangement of treatments including 2 temperature conditions (thermoneutral and heat stress) and 3 lev els of supplemental Cr (0, 500, and 1,000 μg/kg) with 5 replicates of 15 birds each. Temperature was set at 34°C during the first week of age for all experimen tal groups. Temperature was then reduced by 3°C/wk for thermoneutral birds and fixed at 22 ± 1°C when the birds were 5 wk old. For heat-stressed chicks, the house temperature was set at 35 ± 2°C from 15 d of age until the end of the trial at d 42. Dietary Cr supple mentation was done using the organic CrMet supple ment (Zinpro Corporation, Edina, MN). Chicks were maintained on a 23:1 light:dark lighting regimen in floor pens in the thermostatically controlled rooms and had free access to water and the experimental di ets throughout the study.
Before formulating the diets, all the feed ingredi ents used were analyzed for CP (code 976.06), ether extract (code 954.02), crude fiber (code 978.10), and ash (code 942.05) according to the standard procedures of Association of Official Analytical Chemists (AOAC, 2002) . Chromium levels of basal diets (Table 1) were determined to be 1,852, 1,914, and 1,766 μg/kg of diet during the starter (1-14 d of age), grower (15-28 d of age), and finisher (29-42 d of age) periods, respec tively, as analyzed by an atomic absorption spectro photometer (Analyst 100; PerkinElmer, Norwalk, CT). The experimental diets were formulated to be isocalo ric and isonitrogenous and to provide all of the nutrient specifications according to the Ross 308 broiler man agement manual (Aviagen, 2009 ). All of the diets were mixed using a micromixer and had a similar nutrient composition, as analyzed for basic chemical composi tion and Cr content (AOAC, 2002) after mixing.
Performance Parameters
Body weight gain (BWG) and feed intake (FI) were recorded on pen basis after 3 h of feed withdraw al. The mortality was recorded once observed to adjust the feed conversion ratio (FCR) values.
Relative Weights of Lymphoid Organs
At 28 d of age, 5 birds per pen nearest to the aver age weight of the same pen were selected at random to evaluate lymphoid organ weights. Feed was removed 3 h before slaughtering. Each chick was exsanguinat ed by cutting the jugular vein. Thymus, bursa of Fa bricius, and spleen were then precisely removed and weighed separately on a sensitive digital scale. The relative weights of lymphoid organs were calculated as the percentages of live BW and mean values of 5 birds per replicate were used for statistical analysis.
Cutaneous Hypersensivity Test and Antibody Responses
Cellular immunity was assessed by cutaneous ba sophil hypersensivity (CBH) test in response to phyto hemagglutininP (PHA-P) injection. At 30 d of age, the toe web of the right foot (3 wing-banded chicks per pen) was measured in millimeters with a sensitive micrometer. Immediately after measurement, 100 μg of PHA-P (sus pended in a 0.1 mL of sterile saline) was injected into the toe web. The toe web swelling was measured 12 and 24 h after injection. The response was quantified by subtract ing the skin thickness of the first measurement (Time 0) from the mean skin thickness at 12 and 24 h after dermal PHAP injection (Corrier and DeLoach, 1990) .
At 23 d of age, 3 chicks (wing banded) from each replicate pen were infected by instilling 1 drop of stock solution of B 1 strain of Newcastle disease virus (NDV) in each eye. The chicks were bled (3 to 4 mL) from wing vein d 7 and 14 after inoculation, and se rum samples were individually collected in separate sterile vials. The hemagglutination inhibition test (Ja hanian, 2009) was set up to determine the antibody production response against NDV antigen as log 2 of the reciprocal of the last dilution.
Also, vaccination against infectious bronchitis disease virus (IBV) was conducted at 26 d of age via eye dropping. At d 7 and 14 after vaccine inoculation, the birds were bled (3 to 4 mL) via brachial vein, and serum samples were frozen (-20°C) until an antibody assay could be performed. Briefly, serum samples were thawed at room temperature and diluted 500fold (1:500) in diluent. Diluted serum was added (100 μL) to 96well plates coated with IBV antigen. Plates were cov ered and allowed to incubate at room temperature for 30 min. After incubation, plates were aspirated and washed with 350 μL of sterile distilled water. A multichannel pi pette was used to dispense 100 μL of the conjugate and plates were again allowed to incubate at room tempera ture for 30 min. Substrate was then dispensed (100 μL) in the wells to facilitate a color reaction as plates were allowed to incubate at room temperature for an addi tional 15 min. Finally, a stop solution was added to end the enzymatic process. Plates were read on a Microplate Reader (BioTek Instruments, Inc., Winooski, VT) at 650 nm to determine IBV antibody titers.
Leukocyte Subpopulations
To study the effects of dietary treatments on blood leukocyte subpopulations, 3 randomly selected birds from each pen were bled (4 to 5 mL) at 42 d of age, and EDTAcontaining blood samples were stained accord ing to protocol described by Lucas and Jamroz (1961) ; thereafter, the different leukocyte subsets were counted.
Expression Analysis of T Lymphocytes
The expression of helper (CD4 + ) and cytotoxic (CD8 + ) T lymphocytes was measured according to the protocol developed by Lee et al. (2002) . Direct immu nofluorescence staining was performed by incubation of cells with fluorochrome-labeled monoclonal antibod ies, mouse anti-chicken CD4-fluorescein isothiocyanate (FITC), and mouse anti-chicken CD8-R-phycoerythrin 2 Vitamin premix provided per kilogram of diet: 12,500 IU vitamin A (from retinyl acetate), 3,700 IU cholecalciferol, 40 IU vitamin E (from DL α-tocopheryl acetate), 0.03 mg vitamin B 12 , 6.4 mg riboflavin, 55 mg niacin (as nicotin amide), 30 mg pantothenic acid (as calcium pantothenate), 3.5 mg menadione (from menadione dimethylpyrimidinol), 1.2 mg folic acid, 3 mg thiamine, 7.5 mg pyridoxine, 0.3 mg biotin, 560 mg choline (as choline chloride 60%), and 80 mg ethoxyquin.
3 Dietary chromium methionine (Zinpro Corporation, Edina, MN) supplementation was made at the expense of equal amount of zeolite, so that the nutrient composition was similar among the experimental diets.
4 ME n = metabolizable energy corrected for zero nitrogen retention.
(RPE). Isotype controls were prepared using FITC or RPE-labeled mouse IgG1 to check for nonspecific bind ing of fluorochrome-labeled antibodies. After being washed 3 times, each sample was resuspended in 0.5 mL of flow fixative (2% paraformaldehyde in phosphate buffer saline) and analyzed the next day with a FACS Calibur flowcytometer (Becton Dickinson Immunocy tometry Systems, San Jose, CA). A minimum of 10,000 cells/sample was analyzed. Positive fluorescence was distinguished by comparing fluorescence of the nega tive control (isotype control) and positive control (cells stained with mouse anti-chicken CD4-FITC or mouse anti-chicken CD8-RPE).
Plasma Corticosterone Level
The plasma samples of 42 dold birds were ana lyzed for corticosterone levels according to the method developed by Puvadolpirod and Thaxton (2000) with slight modifications (Mirfendereski and Jahanian, 2015) . Plasma corticosterone level was determined by enzyme-linked immunoassay using a Coat-a-Count rat corticosterone RIA kit (Diagnostic Products Corp., Los Angeles, CA). Because the binding property of a chick's corticosterone is different from a rat's, the stan dards were prepared by diluting 2,000 ng/mL corticos terone rat serum included in the kit with stripped chick plasma (Puvadolpirod and Thaxton, 2000) .
Briefly, the stripped chick plasma was prepared by collecting 200 mL of blood. The blood sample was cen trifuged at 4,500 × g and 4°C for 10 min, and plasma was decanted into a 500mL bottle. Then, 25 g activated charcoal was added and incubated overnight at 4°C with an automatic mild shaking. Plasma was centrifuged at 5,000 × g and 4°C for 10 min and decanted. Another 25 g activated charcoal was added and incubated at 4°C over night, again with mild shaking. Plasma was centrifuged for 10 min at 4,500 × g and 4°C, filtered through What man number 3 paper (Whatman International, Maidstone, UK), and sequentially filtered through the 5-and 0.45-μm filters. The stripped plasma was aliquoted and stored at -20°C. Assays were performed by adding 200 μL of plasma samples or standards in stripped chick plasma to each tube followed by 1 mL of the 125 Ilabeled corticoste rone. The samples were incubated overnight at 4°C. The unbound label was aspirated, and the remaining radioac tivity was counted on an Auto Gamma counter (Cobra II; Packard Instrument Co., Meriden, CT; Puvadolpirod and Thaxton, 2000; Mirfendereski and Jahanian, 2015) .
Statistical Analysis
All data were subjected to ANOVA using the GLM procedures of SAS software (SAS Inst. Inc., Cary, NC) according to a 2 × 3 factorial arrangement including house temperature and supplemental Cr lev els as the main effect and respective interaction. Pen was the experimental unit for all measurements. Treat ment means were separated by Duncan's multiple range tests (Duncan, 1955) at P < 0.05 statistical level.
RESULTS
Performance Parameters
Effects of heatstress conditions and supplemental Cr level on performance parameters of broiler chicks are shown in Table 2 . As noted, the chicks subjected to heat stress had lower (P < 0.01) FI and BWG compared with those housed in the thermoneutral room. In addition, the FCR values were greater (P < 0.05) in heatstressed chicks. On the other hand, dietary supplementation with CrMet increased (P < 0.01) FI and BWG, resulting in an improvement (P < 0.01) in FCR values. Significant (P < 0.05) temperature × Cr interactions were observed for FI, BWG, and FCR, so that Cr supplementation of diets was more effective in heatstressed birds. 
Lymphoid Organs' Weights
Exposure to heat stress caused significant (P < 0.01) decreases in the relative weights of both thymus and bursa of Fabricius (Table 3 ). In addition, heatstress conditions resulted in a numerical (P = 0.07) decline in relative spleen weight. Supplemental CrMet returned (P < 0.05) the weights of thymus and bursa of Fabri cius of heat-stressed chicks to the normal status. The relative weights of thymus and bursa were affected (P < 0.05) by temperature × Cr interaction, so that CrMet supplementation was more effective in heatstressed chicks, especially at the level of 1,000 μg Cr/kg of diet.
Immune Responses
As presented in Table 4 , CBH response to PHA P was influenced (P < 0.01) by heatstress conditions. In addition, antibody responses against NDV and IBV were diminished (P < 0.01) in heat-stressed chicks. On the other hand, dietary supplementation of CrMet improved (P < 0.05) humoral antibody responses to different viral antigens, and this effect was more pro nounced in birds under heatstress conditions, resulting in significant (P < 0.05) temperature × Cr interactions.
Blood Leukocyte Subpopulations
As shown in Table 5 , subjecting chicks to heat stress increased the proportion of heterophils and de creased the proportion of lymphocyte cells in periph eral bloodstream (P < 0.05), resulting in an increased heterophil:lymphocyte ratio (P < 0.01). Although di etary supplementation of CrMet had no marked effect on lymphocyte count, it decreased (P < 0.05) the pro portion of heterophils to normal status. Interestingly, exposure to heat stress caused a marked (P < 0.05) decrease in CD4 + T lymphocytes and increased CD8 + cells, resulting in a decreased (P < 0.01) CD4 + to CD8 + ratio in peripheral blood (Table 5) . Although dietary CrMet supplementation increased CD4 + cells, this ef fect was not statistically significant (P = 0.08). There was a significant (P < 0.05) temperature × Cr interaction for CD8 + count, so that dietary CrMet supplementation decreased these cells only in heatstressed broilers.
Plasma Corticosterone
The effect of heatstress exposure and Cr supplemen tation of diets on plasma corticosterone level is shown in Table 5 . As noticed, subjecting chicks to heat stress caused a 33% increase in plasma corticosterone levels. On the other hand, CrMet supplementation of heatstressed chicks modulated (P < 0.01) plasma corticosterone levels to near the values seen for thermoneutral birds. Supple mental Cr was more effective in reducing plasma corti costerone level in heatstressed birds, resulting in a sig nificant (P < 0.01) temperature × Cr interaction. Table 2 , the chicks under heatstress conditions consumed less feed and consequently had lower BWG compared with those in the thermo neutral house. These observations agree with those re ported elsewhere in similar circumstances (McKee et al., 1997; Kirunda et al., 2001; Mashaly et al., 2004; Rozenboim et al., 2007; Star et al., 2008) . This adverse effect is largely mediated by increasing corticosterone level in bloodstream. Indeed, corticosterone could be acting in the hypothalamic feeding control nuclei (Cos taPinto and PalermoNeto, 2010) that regulate FI and satisfaction, allowing a decrease in FI and consequent ly a decrease in BWG. Consistent with this explanation, it has been reported that corticosterone administration through the drinking water or diet significantly reduced chick's growth performance (Post et al., 2003; Lin et al., 2004) . Of course, a part of heatstressinduced growth delay is because of physiological and immu nological adaptations in birds (Koelkebeck and Odom, 1995; Maak et al., 2003; Mashaly et al., 2004) . It was observed that, during heatstress conditions, a part of a-c Means with no common superscripts within the column of each clas sification (temperature, Cr level, or respective interaction) are significantly (P < 0.05) different.
DISCUSSION
As presented in
1 Chromium was added to the diets as chromium methionine complex (Zinpro Corporation, Edina, MN).
consumed energy is used for heat dissipation, resulting in impaired feed conversion (Ain Baziz et al., 1996) .
On the other hand, CrMet supplementation of diet increased both FI and BWG, resulting in an improve ment in FCR values. Consistent with the present findings, Jackson et al. (2008) reported that dietary supplementa tion of Cr as chromium picolinate improved feed efficien cy in the later phases of growth and decreased mortality in broiler chicks. It seems that alleviating stress-induced immunosuppression may be one of the mechanisms by which Cr could improve production and growth perfor mance in stressed birds (Burton et al., 1993) .
Although spleen weight was not affected by experi mental treatments, exposure to heat stress decreased the relative weights of thymus and bursa (Table 3) . A glucocorticoiddependent mechanism during stress was reported to induce lymphoid organ involution (Puva dolpirod and Thaxton, 2000; Post et al., 2003; Shini et al., 2008a,b) . Accordingly, activation of the hypothala mus-pituitary-adrenal axis might have been respon sible for the decrease in the lymphoid organ weights as observed after heat stress induction in the present study.
In a recent report, Puvadolpirod and Thaxton (2000) proposed a new model to study stress responses in chickens. This model involved continuous administra tion of adrenocorticotropin with a mini-osmotic pumps (Alza Corp., Mountain View, CA) surgically implanted subcutaneously in broilers. These researchers observed that stress status increased the heterophil:lymphocyte ratio and caused involution of primary lymphoid organs (i.e., bursa of Fabricius, thymus, and spleen).
As presented in Table 4 , CBH response was sup pressed in birds subjected to heatstress conditions. Similarly, antibody responses to NDV and IBV were inferior in heat-stressed chickens. Similar to our find ings, it has been reported that the injection of corticos terone decreased antibody production titer against IBV and sheep red blood cells in chickens (Post et al., 2003; Shini et al., 2008a) . Also, Guo et al. (1999) showed an increased NDV antibody titer in heatstressed broiler chicks as the result of dietary supplementation of 2 or 10 mg/kg Cr, either in the form of CrCl 3 or yeast.
The exact mechanism by which Cr enhances im mune responses is not yet known. However, one of the mechanisms involved is probably the decreasing effect of Cr on serum cortisol level. Cortisol, the most important glucocorticoid, has been found to be immu nosuppressive; it inhibits the production and action of antibodies, impairs lymphocyte function, and decreas es leukocyte proliferation (Roth and Kaeberle, 1982) . Of course, Zulkifli et al. (2000) concluded that sup pression of the antibody response may be indirectly attributed to increase in inflammatory cytokines under stress, which stimulates the hypothalamic production of corticotrophin releasing factor.
The heterophil:lymphocyte ratio has been accept ed as a reliable index for determining stress in poultry species (Gross and Siegel, 1983; McFarlane and Cur tis, 1989) . As shown in Table 5 , heat-stress conditions caused an increase in the proportion of heterophils and decreased the proportion of lymphocytes. Consistent with the current finding, Gross and Siegel (1983) found that the number of heterophils was increased in the blood of corticosterone-fed chicks. It has also been found that exposure of birds to heat stress resulted in an increase in the heterophil:lymphocyte ratio (Altan et al., 2003; Zulkifli et al., 2003) . Chromium supplementation of the diet decreased the proportion of heterophils to a normal status. The decrease in the proportion of heterophils and subsequent decrease in the heterophil:lymphocyte ratio by CrMet supplementation of heat-stressed chicks in the present study may be attributed to a decreased plasma corticosterone level, as presented in Table 5 .
Interestingly, exposure to heat stress caused a sig nificant decrease in the proportion of CD4 + cells and increased the proportion of CD8 + cells, resulting in a decreased CD4 + to CD8 + ratio. In agreement, Khajavi et al. (2003) reported that heat stress (39°C for 7 h/d) decreased the proportion of CD4 + cells and diminished 1 Chromium was added to the diets as chromium methionine complex (Zinpro Corporation, Edina, MN).
2 Cutaneous basophil hypersensivity (CBH) test as measured by increase in skin thickness after phytohemagglutinin-P injection.
3 dpi = days postinoculation.
the antibody response in broiler chickens. As presented in Table 5 , Cr supplementation of heat-stressed chicks modulated plasma corticosterone level. Consistent with our results, QuinteiroFilho et al. (2010) reported that heat-stressed broiler chicks (31 and 36°C, applied for 10 h/d from the 35th to the 42nd day of age) had the greater serum corticosterone levels and lower weight gains and peritoneal macrophage activity.
Based on the present findings, it can be reason ably concluded that dietary CrMet supplementation of broiler chicks under heat-stress conditions could ben eficially affect performance parameters and improve immune responses as measured by humoral antibody responses and cellular immunity. Moreover, supple mental organic Cr had a modulating effect on leuko cyte subpopulations with decreasing proportions of heterophils and cytotoxic T lymphocytes. These ben eficial impacts seem to be largely mediated by estab lishing the internal homeostasis of the stressed animal LITERATURE CITED 1 Chromium was added to the diets as chromium methionine complex (Zinpro Corporation, Edina, MN).
